
The Amoco Cadiz disaster caused tt^^llage of 233 000;. 
metric tons of crude oil. Of the 233 000 metric tons, our cal
culations indicate that only 27% was stranded on shore. With , 
the knowledge of how much oil reaches the coast, one may ask 

the question, where did^J^kst of the oil go? Only ~27% of 
the Amoco Cadiz oil wa^Rounted for. Speculation for the 
other 73% includes evaporation and sinking of oil (see ref 

10). - - • 
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• ' A  2 , 4 , 8 - t r i c h l o r o d i b e n z o f u r a n ,  a  t e t r a c h l o r o d i p h e n y l  e t h e r ,  
and a trichlorodiphenyl ether have been identified in samples ;• 
of edible marine organisms and suspended particulate ma
terial obtained from Narragansett Bay, RI. Rapid declines iii 
the concentrations of these compounds "with increased dis- . 
tance from the highly polluted northern bay strongly suggest 
air upper-bay source. Comparisons of the characteristics 6f 
this conttRidcation with those from known chemical-plant 
iriputs/and wjth those in PCBs, chlorophenols, and wastes 
from Vpiunicipal incinerators indicate chemical-plant dis- : 
charges as the most likely source. " _ . • 

Introduction . , , 

The use of Narragansett Bay, RI, both as a disposal site foi 
industrial and municipal wastes and as a commercial fishery 

!' makes it an excellent location for studies on the accumulation 
of toxic organic compounds in estuarine organisms. The ob-

:, jective of the present study was to identify the organic com
pounds accumulated by transplanted mussels and by indig
enous bay organisms. In the course of this study 2,4,8-trich
lorodibenzofuran (tri-CDF), a possible precursor tetrachlo
rodiphenyl ether (tetra-CDE), and a trichlorodiphenyl ether 

, (tri-CDE) were identified in extracts of organisms and in 
samples of suspended particulate material. The presence of 
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the tri-CpF was of special interest because o^^iigh toxicity 
generally associated with chlorinated dibenzofurans (/). These 
compounds have been found as contaminants in PCBs (2-6) 
and in fly ash from municipal incinerators (7), and PCDFs and 
precursors have been identified in chlorophenols and related 
compounds (8-11). While some potential sourceshave been 
identified and the environmental significance of reactions 
forming PCDFs from precursor compounds has been em
phasized (9,12-14), until recently PCDFs have not been found 
in environmental samples (15,16). It was suggested that 
findirig PCDFs in the environment from a PCB source was not 
likely because of the low level of PCDFs in PCBs and because 
of sensitivity limitations of analytical instrumentation (17). 
However, a more sensitive technique, negative chemical ion
ization mass Spectrometry; recently has identified PCD s 
(most likely of a PCB origin) in environmental samples from 
some rivers and lakes of the United States,(18). •••• •, _ 

Of particular interest to the present study was the detection 
of tri- and tetra-CDEs in the wastewater (19) of a chemical 
manufacturing plant located op the Pawtuxet River (a trib
utary of the Providence River (Figure 1)) and the finding of 
a tri-CDF (structural isomer not identified) in the plant s 
wastewater (19-21), the Pawtuxet River (19), and Narra
gansett Bay (19). ' s, 

• • * r - i \ 
Methods , 'v * - ^ ^ 

Mussels (Mytilus edulis) used in this study were part of a 
program utilizing these organisms as biomonitors of pollution 
in estuarine systems (22). The mussels were held in cages for 
2 months in 1978 or 4 months in 1979 at stations on a transect 
from the highly polluted northern end of the bay to the less 
polluted southern end (Figure 1). The other organism samples 
were obtained by divers from the mid and lower bay m the 
summer of 1979. Suspended particulates were collected at 
transect stations in the summer of 1979 by drawing bay water 
through glass-fiber filters which had been heated in a muffle 
furnace before use (550 °C for 6 h). , 

Following sample collection, filters were oven dried to 
constant weight (32 °C) and extracted by recycling CH2C12 
through them for 21 with a Teflon pump. 

Organism samples were extracted by polytron homogem-
zation with acetone and then Freon 113. Acetone extracts were 
partitioned between water and Freon, and the Freon extracts 
were combined and passed through a 2 X 25 cm column of 
activated silica gel. Following volume reduction and solvent 
exchange to hexane, extracts were separated into fractions by 
column chromatography (0.9 X 45 cm) on deactivated (5% w/w 
H20) silica geL The PCR fraction, which contained the com
pounds of interest, was eluted in 50 mL of n-pentane. Capil
lary column electron capture gas chromatography was per
formed on a 60-mSE-54 column in a Hewlett-Packard 5840-A 
gas chromatograph. Mass spectra were obtained with the same 
column installed in a Shimadzu Model 4CM gas chromato
graph directly coupled to a Finnegan 1015 mass spectrometer 
with a RDS data system. The concentrations of tn-CDF were 
determined on the basis of the response of a 2,4,S-trichloro-
dibenzofuran standard. The concentrations of both poly-
chlorinated diphenyl ethers (PCDEs) were calcidated by 
comparison with the response of 2',3,4,4'-tetra-CDE. Sipce 
the results (Table I) were not corrected for procedural losses, 
they probably represent conservative estimates of the actual 
concentrations; Reagent blanks processed along with these 
samples showed no peaks throughout the PCB region, while 
samples collected front an area outside of Narragansett Bay 
showed PCBs, but not the tri-CDF or the tri- or tetra-
CDEs. 1 . ^ - < " , 

Since reactions "converting precursor compounds into 
chlorinated dioxin compounds in heated gas-chromatographic 

Figure 1. Map of Narragansett Bay showing station locations. Numbers 
refer to caged mussel stations on a transect from the highly polluted 
upper bay to the less polluted lower bay. A, B, and C refer to collection 
stations for clams, lobster, and lower-bay suspended particulate ma
terial, respectively. (*) Location of Pawtuxet River. 

injection ports have been reported (23), an experiment was 
conducted to compare analyses using on-column injection 
(which avoids a heated injection port (24)) with thoseusmg 

' CORVcniluTln ( iiijemwi *• "v * *• 
sample components were not interconverted during GQ 
analysis. Other experiments, including a GC-MS analysis of 
a mussel extract which had not been subjected to column 
chromatography and another which carried a cdumn chro-
matographic fraction (containing tri-CDF and PCDEs) back 
through the entire analytical procedure a second time, pro-

' vided additional evidence that interconversion reactions were 
not occurring as a result of the analytical procedures uti

lized. ~ 

• Results and Discussion ' > -1 

A representative electron capture detection gas chro-
matogram obtained from extracts of mussels caged in the 
highly polluted upper bay from April to August, 1979, is shown 
in Figure 2. This general pattern of peaks is observed in other 
1979 Narragansett Bay samples, including mussels which had 
been caged at other transect stations (Figure 1), suspended 
particulate material from the upper and lower bay, clams 
(Mercenaria mercenaria) from the midbay, and the hepato-

bey Similar patterns also are found in mussels caged at sta
tions in the bay in 1978. One of the major peaks h» electron 
capture gks chromatograms from the samples analyzed is a 
chlorinated dibenzofuramA mass spectrum of this compound 
from a mussel obtained at a highly polluted north-bay station 
fe compared with the spectrum of a 2,4,8-tri-CDF standard 
in Figure 3. The excellent agreement of these spectra and 
comparisons of the spectrum in Figure 3A with toose rejiOTted 

1 for PCDFs in the literature (2,8,12,25) confirm the tri-CDF 

'•> * , t ^ 
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Table l> Concentrations a of Compoun^^^Narragansett Bay Samples 
. ' . • t -i - v •••"-•r,-11 . - •" - -f -- eMiod location 

(km from 
Providence) 

u(Dper bay (3) 

upper bay (7) 

midbay (13) 

midbay (15) 

lower bay (23) 

lower bay (34) 

lower bay (37) 

:staUon 

1 

3 

A 

4 

5 
B 

C 

; sample . 

type5 

Mus(MS) 
Mus(MS) 
SP*(MS) 

Mus(MS) 
duplicate 

Mus 

C 

: Mus 
; Mus 

Mus 
LHP(MS) 

; SP* 

exposure 
y 

1979 
1978 
1979 

. 1979 
1979 

1979 

1979 

1979 
1978 

1979 
1979 

1979 

caged 
(mussels only) 

r months. 

April-Aug 
June-Aug 

April-Aug 
April-Aug 

April-Aug 

; April-Aug 
-June-Aug 

April-Aug 

trl-COE 

46 
61 
0.03 ppt 

105 
125 

89 

2.4 

5.3 
45 

3.6 
82 

Xe 

:•: tetrs^DE 

198 
228 

0.06 ppt 

391 
416 

296 

9 1 

32 
32 
24 

144 

L Xc 

• ; M-CDF 

730 
643 

0.25 ppt 

1100 
1180 

482 

26 

67 
53 

52 
1260 " 

Xc ' 

a In ppb (dry) except where noted. 6 Mus = mussel (Mytilus edulls) from cages! C = clam (Mercenarla mercanaria); conversion to (toy wt from rmissel dry wt 
data). LHP = lobster hepatopancreas. SP = suspended particulates; numbers are estimated In parts per trillion from the volume of water filtered. (*) These analyses 
require manipulation of very small volumes of solvent and therefore are subject to considerable uncertainty. (MS) = Peak identities checked with mass spectrum. 
Other identifications by retention time. Concentrations are corrected for procedural losses. c A recognizable gas chromatogram was obtained, and the concentrations 
on suspended particulate material were estimated to be ~20X lower than in the upper bay. More accurate quantification was not possible at these levels. 
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Figure 2. A representative electron capture detection gas chromatogram obtained from a column chromatographic fraction from upper-bay(hfehjy; 

polluted) mussels (Mytilus edulis). This chromatogram was obtained on a 60-m SE-54 column operated with He carrier gas at 24 cm/s; 80 C „ . _. 

for 4 min 80-120 °C at 5 °C/min, 120-270 °C at 1 8C/min, 270 °C for 15 min. Similar chromatograms were obtained by summing extracted 

ion current profiles for the molecular ions of the PCBs, the pesticides, the chlorinated dibenzofurans, and the chlorinated diphenyl ethers when 

this column Was directly coupled to a Finnegan quadrupole 1015 GC-MS (El (70 eV» interfaced to a RDS data system. Full mass range spectra • 

were obtained for identifications. Numbers above the peaks refer to the number of chlorine atoms on the PCBs. ',J 

identification. The tri-CDF in enwonmentel samplra was The'wmM in roncenti-ations' of tri-CDF and tri-
' identified as the 2,4,8-trichloro isomer on the basis of com

parison of retention times on glass capillary columns and by: 
coinjection of the 2,4,8-trichlorodibenzofuran standard with 

:• sample extracts. Another peak eluting just after the tri-CDF 
is identified as a tetra-CDE. An alternative structure con
sidered for this compound is the tetrachlorobiphenylol, which 
may have been introduced directly to the bay or may have 
resulted from the action of biological systems on PCBs (13). 
This biphenylol structural possibility is eliminated, however, 
because of the insolubility of this compound in base (13), its 
ehition behavior during column chromatography on silica gel 
and on alumina (5), and the excellent match of its mass 
spectrum with that of a tetra-CDE standard. In a similar 
manner a peak eluting in an earlier portion of the chromato
grams is identified as a tri-CDE. ' 

Supplemental GC—MS analyses at another EPA laboratory 
also identified the tri-CDF and the trir and tetra-CDEs in an 
extract from an upper-bay mussel (26). 

, , The rapid decrease in concentrations of tri-CDF and tri-

and tetra-CDEs with increased distance from Providence 

(Table 1) indicates an upper-bay source for .these com-

•  p o u n d s .  '  :  : : ;  

One potential source for these compounds is a chemical 
plant which discharges wastes into the Pawtuxet River—a 
tributary of the Providence River (Figure 1). The tri-CDF 
(found in wastewater (19-21) and in the sediment and waters 
of the bay (19)) and the tri- and tetra-CDEs (detected only 
in wastewater from the plant (29)) were believed to be by
products from the manufacture of 2,4,4'-trichloro-2'-hy-
droxydiphenyl ether. Since there are numerous other indus
trial and municipal inputs to the bay, other potential sources 
for these compounds were considered. < s •£ a #; ' 

PCDFs have been found in municipal fly ash (6) and as 

contaminants in PCBs (2,5,16) and chlorophenols (8-10): 

17.nrh of these sources, however, showed several positional 

isomers for several PCDF homologies, while only a single 

isomer was found in the present study. 1 
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Fiaure 3. (A) Mass spectrum from peak identified as tri-CDF in Figure i. i-ragmenv,™ 
dibenzofurans from ref 7. (B) Mass spectrum of a 2,4.8-trichlorodibenzofuran standard. 
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as tri-CDF in Figure 1. Fragment ions and statements of intensity are as predicted for chlorinated 

A11 analysis of 13 fish, a sediment, and a turtle from several 

rivers and lakes from the United States by the highly sensitive 

technique of chemical ionization mass spectrometry found 

PGDF homologues in 5 fish,the sediment, and the turtle (18). ; 

In general, several PCDF homologues were present, and, since 

the penta-CDF isomers dominated, as found iri a majority of 

PCB mixtures analyzed (6), the authors suggested PCBs as 

a source for these PCDF contaminants.-  ̂r .. : ; 
The environmental significance of reactions forming PCDFs 

from precursor compounds has been emphasized (8,12-14).. 
Of particular interest to the present study is the photochem
ical coriVersiori of a tetra-CDE to a rt-CDIp (14). l^ile^ 
reaction may be operative in Narragansett Bay and thereby 
constitute another formation pathway for the tri-CDF, present 
data are insufficient to document its occurrence. 

In 1968 hundreds of Japanese people developed Yusho 
disease from eating rice oil contaminated by PCBs containing 
an abnormally high level of PCDFs (6). While the cause of this 
disease was reported as PCB poisoning (27), some involve-, 
ment of the PCDFs was suggested.(6). It is emphasized that 
the levels of PCDF consumed by Yusho patients (~20 mg) (6) 
Were enormous compared with those found here arid that the 
PCDF contamination in the Yusho oil contained ~40 isomers, 
while only one was identified,in this study. .' ^ 

.The present study identified CDEs and 2,4,8-trichlorodi-
benzofuran in edible marine organisms and suspended par
ticulate material from Narragansett Bay, RL The concen
trations of these compounds were found to decrease with in
creased distance from the proposed source area (upper bay), 
but these compounds were also detected in samples from less 
pollu^niriwer bay) sampling sites. Of the potential sources 
considered /or these compounds, the most likely was the dis
charge of wastes from the chemical industry. 

The extent of PCDF and PCDE contamination in other 
estuaries is unknown. The high toxicity generally associated 
with PCDFs re'ls for further documentation of their distri

butions throughout the coastal United States and for rapid 
identification and abatement of their sources. 
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Fluxes of Arsenic, Lead, Zinc, and Cadmium to Green Bay and Lake Michigan 

Sediments „ 

Erik R. Christensen* and.Nan-Kwang Chien r 

Department of Civil Engineering and Center for Great Lakes Studies, University of Wisconsin—Milwaukee, Milwaukee, 
Wisconsin 53201 

B Anthropogenic and natural fluxes of As, pb, Zn, and Cd are 

determined for Green Bay and northern Lake' Michigan 

sediments. In Green Bay, inputs of solids and trace elements 

are governed mainly by rivers and runoff flowing into the bay. 

Sediments of northern Lake Michigan accumulate Pb-210 and 

several trace elements at rates lower than or equal to the at

mospheric inputs. This is consistent with the water circulation 

and the remoteness of river outfalls. One station has received 

no recent input as evidenced by the absence of excess Pb-210 

throughout the core. Another station accumulates less than 

the atmospheric inputs and shows sign of mixing with an eddy 

diffusion coefficient of 0.04 cm2/yr in the upper ~2 cm, while 

a third station has inputs of Pb, Zn, Cd, and Pb-210, which are 

in agreement with measurements of the atmospheric in

puts. „ • » . " - < V . - > 1 

Analysis of sediment cores for toxic trace substances can 
provide<usefuI information on the sources and pathways of 
these pollutants in the aquatic environment. This was shown, 
for example, by Walters et aL (1), who found enrichment of 
several trace elements iri the upper sections of sediment cores: 
relativeto natural levels in lower sections of the same cores 
from Lake Erie. Harbor cores reflected individual pollution 
sources and had significantly higher enrichments than 
open-lake cores for which the magnitude of enrichment de
creased from the western toward the eastern basirf.'Shimp et 
aL (2)analyzed sediment cores from southern Lake Michigan 
for several trace elements and found significant surface en
richments of As, Br, Cu, Pb, Zn, and Hg. These excess con
centrations were thought to originate from man's activities 
in the heavily populated watershed including Chicago, Gary, 
and Milwaukee (3). • • •: ^ i.'; r 

Fluxes of pollutants, needed for quantitative models, can 
be inferred from accompanying measureinents of sedimen
tation rates by radiometric or palynological methods, or from 
the known age of geological formations. Of the radiometric 
methods, that based on Pb-210 (4, 5) has proved to be espe
cially useful for age-determiriation of up to a century. An-
thropogenic fluxes of several trace elements were determined 
byBruland etaL (6) and Christensen et aL (7) for the coastal 

region off southern California, by Bertine and Mendeck (8) 
for reservoir sediments, and by Kemp et al. (9) for Lakes Su
perior and Huron. Edgington and Robbins (10) determined 
the average flux of lead to southern Lake Michigan and esti
mated that most of the lead came from atmospheric inputs 
through the combustion of coal and gasoline in the sur
rounding area. 

Top sections relative to lower sections of the same sediment 
cores from Lakes Superior, Huron, and Ontario (9) and from 
Lake Erie (1) add southern Lake Michigan (2) are signifi
cantly enriched with Zn and Cd. It has been suggested that 
atrhospheric inputs of Zn to Lake Michigan are significant 
(11), and, since Cd is a geochemically related element, this 
pathway maybe important for Cd as well. - - . ' 

The objectives of the present investigation are to determine 
the anthropogenic fluxes of As, Pb, Zn, and Cd to Green Bay 
and adjacent Lake Michigan sediments and to assess the rel
ative importance of the atmospheric pathway. For As, we also 
wish to evaluate whether anthropogenic fluxes to the Green 

- Bay sediments can be accounted for in terms of a known As 
pollution source in Marinette, WI. Iri the dating of sediment 
cores from Lake Michigan by the Pb-210 method, it is of 

- special interest to check the usefulness of this method in areas 
of very low sedimentation rate as indicated by the thinness 
of the uppermost postglacial deposit (Waukegan Member). 

Sampling Locations 

Of the five coring sites indicated in Figure 1, stations 1 and 
. 7 are located in Green Bay while the reference stations 1128, 
. 1129, and 1130 are located in adjacent Lake Michigan.; 
: Green Bay is an elongated freshwater estuary of Lake 

' Michigan. The mean depth is ~20 m, and the watershed 
: drains 40 000 km2 or ca. one-third of the Lake Michigan. 
i drainage.basin (72). TJie two largest rivers flowing into Green 
: Bay are the Fox River and the Menominee River with mean 

discharges of 117 and 88 m3/s, respectively. 
. A significant pollution load comes from the Fox River, 

which carries wastewaters from several paper mills. Other 
pollution sources fof Green Bay include ship building, 
chemical industries; municipal sewage, and urban and agri-
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